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ABSTRACT: DNA polymerases use an uninterrupted template strand to direct synthesis of DNA. However,
some DNA polymerases can synthesize DNA across two discontinuous templates by binding and
juxtaposing them, resulting in synthesis across the junction. Primer/template duplexes eviéintangs

are especially efficient substrates, suggesting that DNA polymerases use the overhangs as regions of
microhomology for template synapsis. The formation of these overhangs may be the result of non-template-
directed nucleotide addition by DNA polymerases. To examine the relative magnitude and mechanism of
template switching, we studied the in vitro enzyme kinetics of template switching and non-template-
directed nucleotide addition by thé-8 exonuclease-deficient large fragmentEscherichia coliDNA
polymerase |. Non-template-directed nucleotide addition and template switching were compared to that
of standard primer extension. We found that non-template-directed nucleotide addition and template
switching showed similar rates and were approximately 100-fold slower than normal template-directed
DNA synthesis. Furthermore, non-template-directed nucleotide addition showed a 10-fold preference for
adding dAMP to the ends of DNA over that of the other three nucleotides. For template switching, kinetic
analysis revealed that the two template substrates acted as a random bireactant system with mixed-type
inhibition of substrate binding by one substrate over the other. These data are the first to establish the
binding kinetics of two discontinuous DNA substrates to a single DNA polymerase. Our results suggest
that although the activities are relatively weak, non-template-directed nucleotide addition and template
switching allow DNA polymerases to overcome breaks in the template strand in an error-prone manner.

DNA polymerases must faithfully duplicate the genome  In addition to non-template-directed nucleotide addition,
of an organism. However, all DNA polymerases introduce or perhaps because of it, many of the same DNA polymerases
errors during the course of every round of replication. If not also show template-switching activity. For our purposes,
repaired, these errors can potentially result in mutation. The template switching is broadly defined as the ability of a DNA
fidelity of DNA polymerases depends on several factors polymerase to synthesize a nascent strand of DNA from two
including the presence of proofreading activity, deoxynucleo- discontinuous template strands. The term was originally used
side triphosphate pools, and the sequence and structure ofo describe the products seen in DNA synthesize# bgoli
the DNA template 7). DNA polymerase | (Pol I) in vitro®). The reaction products

The presence of a strand break in the template presentshowed very rapid renaturation kinetics after heat or alkali
an especially challenging substrate for DNA synthesis and denaturation as well as branched structures under electron
fidelity. Normally, DNA synthesis stops when a DNA microscopy ¥, 8). Kornberg and his colleagues proposed a
polymerase reaches either a strand break or the end of thenechanism in which Pol | synthesizes DNA on one strand
template strand. However, a number of DNA polymerases, of a duplex substrate while displacing the non-template
most notably those lacking'-3' exonuclease activity, can  strand. Pol | then releases the template strand and binds the
synthesize DNA in a non-template-directed manner, resulting displaced strand before its3 exonuclease activity degrades
in one or more nucleotide additions to the end of the nascentit—in effect switching templates. The resulting products from
strand. For example, the exonuclease-free derivative of thesuch a template-switching event eventually lead to hairpin

large fragment oEscherichia colDNA polymerase | (exo structures that explain the rapid renaturation kinetics and
KF)! synthesizes at least one nucleotide in a non-template-branched structures seen in electron micrographs.
directed manner2). The DNA polymerase offhermus More recently, template switching describes the phenom-

aquaticusalso shows non-template-directed nucleotide ad- enon whereby exoKF synthesizes DNA across discontinu-
dition. This aCtiVity has been eXpIOited to form the basis of ous temp|ates' Clark demonstrated that e could

a popular cloning strategy3( 4). Furthermore, purified  perform DNA synthesis on a blunt-ended primer/template
eukaryotic DNA polymeraset also has this activity5).
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duplex in the presence of an unlinked single-stranded otides were purchased from Qiagen (Alameda, CA). All other
oligonucleotide templated). The unlinked single-stranded chemicals were obtained from either Sigma Chemical Co.
oligonucleotide determined the sequence of the added(St. Louis, MO) or Fisher Scientific (Fairlawn, NJ).
nucleotides. He proposed that template switching was due Template-Switching Assalhe assay to measure template
to the ability of exo KF to juxtapose two unlinked templates switching has been described elsewhet®).(Briefly, the
through the use of small regions of complementarity at the assay uses a double-stranded primer/template duplex either
3 ends of the primer and the unlinked template strand. This radiolabeled or Cy-5 labeled at thé &nd of the primer
is most likely the result of a non-template-directed nucleotide strand. Annealing the complementary template strahd, 5
addition of a single nucleotide to thé énd of the primer. CCAGTCCGGGAACAA-3, to the labeled primer strand,
King et al. confirmed and extended Clark’s results by 5-TTGTTCCCGGACTGGTAT-3 generates a duplex with
showing that template switching occurs on primer duplexes a 3-nucleotide-long'3®verhang on the primer strand. Primer
with a variety of blunt and protruding single strands through extension proceeds when ex&F juxtaposes the duplex
a so-called fill-in mechanism similar to that proposed by substrate and an unlinked template strandCGTAAC-
Clark (10, 11). In this model, a 5overhang is filled in to TATGCGGCATCAGAGCAGATTGATA-3, using the over-
form a blunt-ended intermediate that is converted to a single- hang on the primer as a source of complementarity to the 3
nucleotide 3overhang intermediate through non-template- end of the unlinked template. The freét8droxyl group
directed nucleotide addition. This overhang is used as aon the primer strand serves as the site of DNA synthesis.
region of complementarity to juxtapose an unlinked template Product formation was determined electrophoretically as an
strand, and synthesis continues to the end of the newlyincrease in the length of the labeled primer strand (see
aligned template strand. Additionally, they proposed an below). All assays were carried out in the presence of 25
overlap mechanism in which a primer/template duplex with mM Tris-HCI (pH 7.2), 0.2 mM dNTPs, 5 mM Mggl5
a 3 overhang would base pair with an unlinked template mM dithiothreitol, and 0.2 mg/mL bovine serum albumin at
strand through a'3verhang independent of non-template- 37 °C unless stated otherwise. Reaction products were
directed nucleotide addition. In this case, exd- functions measured at 10, 20, 40, and 60 min. The final enzyme
to align and join the two discontinuous DNA substrates. Like concentration for these experiments and for the non-template-
non-template-directed nucleotide addition, template switching directed nucleotide addition assays was 73.5 fM.
is not limited to exo KF. It has been observed with Taq Primer-Extension Assall template-switching experi-
DNA polymerase, as well as purified human DNA poly- ments were compared to results from a gel-based primer-
meraseca, and there is even evidence that human DNA extension assay. The assay conditions were identical to those
polymerase$, 6, ande are capable of small amounts of used in the template-switching assay except for the follow-
template switching%2). ing: substrate, time points taken, and enzyme concentration.
What is not clear from the previous studies is the relative "€ assay uses a substrate where the primer strand (identical
magnitude, rate, and mechanism of non-template-directedt that used in the template-switching assay) is annealed to
nucleotide addition and template switching. For example, & long complementary template strand (Figure 1B), es-
both Clark and King et al. used nearly stoichiometric ratios Sentially mimicking the intermediate formed in the template-
of duplex substrate to enzyme (1:5.7 and 7.1:1, respectively) SWitching reaction after template synapsis (Figure 1A). The
for their template-switching studies. At high enzyme/substrate Sequence of the long template strand in the primer extension
ratios calculating the catalytic turnover for the reactions @SSy is @ composite of the complement strand and the
becomes problematic. In an effort to understand the mech-témplate strand in the template-switching assay. The reaction
anisms of non-template-directed nucleotide addition and Preducts were measured at 5, 10, and 15 min. The final
template switching, we characterized the kinetic parameters€NZyme concentration was 7.35 fM. 3
of these activities for exoKF by examining the individual Non-Template-Directed Nucleotide Addition Asdsgn-
rates of non-template-directed nucleotide addition and tem- template-directed nucleotide addition was measured using
plate switching as compared to normal template-directed the labeled primer strand of the template switching and
primer extension. We report here that template switching and Primer-extension assays annealed to an oligonucleotide, 5
non-template-directed nucleotide addition both approximate ATACCAGTCCGGGAACAA-3, generating a blunt end
classical MichaelisMenten kinetics at catalytic levels of ~duplex substrate. The assays were run under similar condi-
exo- KF, that their rates appear to be comparable to one tions as before, except that the substrate was kept constant
another, and that their rates are about 100-fold slower than2nd a time course was taken. o
normal primer extension measured on a continuous template.  FOr the experiments measuring kinetic parameters, indi-
Mechanistically, both discontinuous substrates bind the vidual dNTPs or a mix of the four nucleoside triphosphates
enzyme in a random sequential order with each substrateWas added in a range of concentrations from Q«to 1

affecting the binding of the other. mM. A saturating concentration, typically 204, of the P:C
substrate in Figure 1D was used, and the reactions were
MATERIALS AND METHODS carried out as before for 20 and 40 min. Higher concentra-

tions (100uM) of the P:C substrate showed similar rates of
Materials. [y-3?P]-ATP (3000 Ci/mmol) was purchased non-template-directed nucleotide addition in the presence of
from Amersham Biosciences (Arlington Heights, IL). T4 all four nucleotides to that seen at 5™ verifying that the
polynucleotide kinase and deoxynucleoside triphosphatesP:C substrate concentration used was saturating.
were obtained from Roche Applied Science (Indianapolis, ElectrophoresisDenaturing electrophoresis-loading dye
IN). E. coli exo- KF fragment was obtained from New (80% [v/v] formamide, 10 mM NaOH, 1 mM EDTA, 0.1%
England BioLabs (Beverly, MA). HPLC-purified oligonucle-  [w/v] bromophenol blue, 0.1% [w/v] xylene cyanol, 0.1%
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A P— extension were calculated and kinetic parameters were
7 determined using standard reciprocal plot analys8. (
l Template synapsis RESULTS

Purified bacterial DNA polymerases lacking3 exonu-
clease activity can bridge unlinked discontinuous template
Primer extension strands and initiate DNA synthesis across the joined strands,
using either double-stranded or single-stranded oligonucle-

otides as model substrates for double-strand breKki0j.
In an attempt to understand the mechanism of template

B 3 AGiAsccooactooTat-3” switching, we chose to determine the kinetic parameters of
37 -ATAGTTAGACGAGACTACGGCGTATCAATGC-5" template switching by exoKF and compare them to those
determined for a primer extension control assay. We also
C 5" -TTGTTCCCGGACTGGTAT-3~ . . . . .
3 “AACAAGGGCCTGACCATAGTTAGACGAGACTACGGCGTATCAATGC -5 examined the relative magnitudes of template switching and
non-template-directed nucleotide addition.
D 5°-TTGTTCCCGGACTGGTAT-3" . . . .
3 -AACAAGGGCCTGACCATA-5" Template SwitchingTo measure template switching, we

FiGURE 1: General features of the template-switching assay and used a previously developed assay depicted in Figure 1A
substrates used. (A) A schematic representation of the two major (12). Briefly, the assay uses two DNA substrates: a double-

steps in template switching. First, template synapsis occurs; DNA stranded primer/complement (P:C) duplex with a three-

polymerase juxtaposes two discontinuous templates. One templat . . ; _
(labeled “C") is complementary to the primer (labeled “P") forming Shucleotide long 3overhang; and a single-stranded template

a duplex with a 3-nucleotide-long single-stranded region on the (T) containing a three-nucleotide-long terminus complemen-
primer strand (3overhang). The other template is single-stranded tary to the 3 overhang on the P:C substrate (Figure 1B). It
(to allow for complete extension) with three nucleotides at its 3 has been previously demonstrated that template switching
t%rmt'“‘t‘s tc‘;]mg'eme“:]ary t(lj thé.e"erh;rt‘)g o thel P strand. This \yorks if both substrates are double strandE®).(However,

short stretch of microhomology is use e polymerase presum- . L

ably to stabilize the T strand tg{he P stran)(/j. Aftgr t)e/mplate s?mapsis,aS exo KF has no 53 exonu_cl_ease aCt“_/'ty and pre_sumably
the DNA polymerase can extend the primer in a manner directed NO strand displacement activity, and since no helicases are
by the T template strand (primer extension). The primer isnl- present in the reaction, the single-stranded template facilitates
labeled with eithe??P or Cy-5. (B) The sequences of the substrates primer extension analysis by allowing the visualization a

used in the template-switching assay. (C) The sequence of the|onqar nroduct on the gel. The appropriate controls for the
substrate used in the primer extension assay. The assay simply

measures extension of the labeled P strand. The substrate mimic&SS2y have been previously report&d, (L2). For example,

the reaction intermediate in template switching after template template switching does not occur with two terminally
synapsis has occurred. (D) The sequence of the substrate used taomplementary single strands (i.e., a missing C strand). The
measure non-template-directed nucleotide addition. A blunt substrates' end-labeled primer strand is 18 nucleotides long and the
's used and the extension of the P strand is measured. template strand is 31 nucleotides long (Figure 1B). Thus, if

[w/v] orange G) was added at each time point in a reaction DNA polymerase facilitates their annealing (template syn-
except for Cy-5 labeled DNA where the bromophenol blue apsis) using th_e three-nucleo_nde-long region, and completely
and xylene cyanol were omitted. The double-stranded DNA extends the primer strand using the newly synapsed template

products were denatured by incubating at@5for 10 min ~ Strand, a 46-nucleotide product will result. The assay
and were then quick-chilled on ice for several minutes. therefore is a composite of at least two activities on the part

Samples were applied to a 15% denaturing polyacryla- of D_NA_po_Iymerase: template synapsis a_nd primer extension
mide-sequencing gel (19:1 acrylamide/bisacrylamide) con- (Which is itself composed of 29 polymerization steps).
taining TBE (89 mM Tris base- boric acid, 2 mM EDTA) To determine the kinetic values and to facilitate compari-
and 7 M urea. The samples were subjected to electrophoresi§on with the primer extension assay (see below), reactions
at a voltage of 40 V/cm (60 W). After electrophoresis, the were carried out at various primer/complement substrate
gels were dried and gels containing Cy-5 labeled DNA were concentrations while template substrate concentrations re-
visualized using the 460 nm laser on a Molecular Dynamics mained constant. Figure 2A depicts a representative scanned
Storm 860 system. Dried gels wifAP-labeled DNA were  gel showing the product formed after 10 min at concentra-
exposed to Phosphorimager screens for several hours andions of primer/complement substrate from 1 to:28. The
the screens were then scanned with the Storm 860 systemtemplate substrate was kept constant (288 and the [T]/[P:
Data were quantified using the ImageQuant software suppliedC] molar ratios ranged from 6.2 to 158. The product bands
with the Phosphorimager. from the gel were scanned and integrated using internal

Enzyme KineticsSteady-state product levels were mea- standards in each gel (data not shown) to obtain the amount
sured at various times for each assay within the linear of product formed and the velocity of the reaction. Rates of
response of the reaction. All experiments were carried out reaction for a representative gel are plotted in Figure 3A.
at least 3 times taking—24 time points for each experiment  The results strongly suggest that the reaction behaved with
depending on the linearity of the reaction. Every gel Michaelis-Menten kinetics. Using reciprocal plot analysis,
contained internal quantitative standards of known concen-we calculated kinetic values for the reaction (Table 1) and
tration and specific activity so that integrated densitometry determined the catalytic turnover number for the template
values for each product band could be converted to known Switching activity of exo KF to be 0.26 min*.
molar concentrations (expressed as nanomolar) for each Note that we consistently observed fainter, more diffuse
reaction. Rates of reaction for template switching and primer bands above the full-length product band (Figure 2B),
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Ficure 2: Two 15% denaturing polyacrylamide gels show template Ficure 3: Rates of reaction at various duplex substrate concentra-
switching and primer extension. (A) Template switching was tions (P:C) for (A) template switching (open squares); and (B)
measured after 10 min. Each reaction has various concentrationsprimer extension (open circles) both under saturating template
of the P:C duplex substrate at constant T strand concentrations (se€oncentrations. The data for template switching in panel A is
Table 1 for concentrations). Thélabeled L strand is 18 nucleotides  replotted against the data for primer extension for comparative
long. If template switching occurs between the P:C substrate and purposes. (C) Reciprocal plots for template switching (open squares)
the T strand, the P strand is extended 29 nucleotides resulting in aand primer extension (open circles). The complete data is presented
46-nucleotide-long product (molecular weight markers were run in Table 1.

in a companion lane; not shown). Note that in addition to incomplete

primer extension products, we routinely saw products that were .

larger than the full-length product suggesting that non-template- Suggesting that products were formed that were longer than
directed nucleotide addition was occurring. (B) Primer extension the expected 46-nucleotide product. These observations

after 10 min at various concentrations of the primer extension suggest that after the DNA polymerase has fully extended

substrate depicted in Figure 1C. The full-length product is also 46 {he primer to the end of the synapsed template, it adds one

nucleotides long. A significant amount of incomplete primer . .
extension was observed in both the primer extension and templateOr more nyCIeOt'des to the end of the prOqut in a non-
switching experiments. However, only full-length products were template-directed manner. These bands were included in the

used in determining the rates of reaction. template-switching analysis. They were also used to deter-
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Table 1: Kinetic Values for Template Switching and Primer Extension

[P:C] [T]2 v (NM min™3) KEP(uM) VarP (nM min~1) Keat Keal KIP
(M) (M) n + SEM + SEM + SEM KEPPIVERD (min™Y) M ~tmin™?Y)
Template Switching
1.00 158 12 1431045 12.3+1.43 18.9+ 4.01 0.65 0.26 0.02
2.00 158 12 3.64-1.23
2.50 158 12 2.620.74
5.00 158 12 5.0% 1.15
7.50 158 12 6.77%1.58
12.5 158 8 9.46t 3.36
25.0 158 12 11.8& 3.09
Primer Extension
0.50 9 34.6+ 8.36 3.25+ 0.57 211+ 14.3 1.56x 1072 28.7 8.83
1.00 9 62.3-15.2
2.00 9 102+ 21.8
5.00 9 145+ 21.0
7.50 9 130+ 16.5
125 9 155+ 20.0
25.0 3 108+ 27.6

a For template switching, the P:C substrate concentration was varied from betweed 10025 «M at constant T substrate concentration. For
primer extension, the discontinuous template strand was omitted; see Figure 1C.

Table 2: Kinetic Parameters for the P:C Substrate (A) under Various Constant T Concentrations and Replotted for T Substrate Parameters
under Various Constant P:C Concentrations (B)

A
[T]2 KEpP e VPP (NM min-1) Keat Keal K2
(M) («M) £ SEM + SEM KEPVarD (min™Y) (M~ min) n
13.1 4.60+ 0.23 2.39%+ 0.62 1.92 0.03 7.06 1078 5
26.3 473+ 0.94 2.94+ 0.70 1.61 0.04 8.46 1073 8
52.5 7.43+1.16 8.26+ 3.56 0.90 0.11 1.5% 102 6
105 10.741.53 12.3+ 3.25 1.13 0.13 1.2& 102 10
158 12.3+1.43 18.9+4.01 0.65 0.26 2.0% 102 12
B
[P:C] KEpP e vebe Keat Keal K3
(M) (M) (NM min~1) KEPIVERD (min™Y) («M~tmin™?t)
0.50 53.8 1.50 35.9 0.02 5.5710™*
1.00 55.6 1.70 32.7 0.02 6.2210*
2.00 66.2 4.10 16.1 0.06 3.2310°°
2.50 75.2 5.10 14.7 0.07 476103
5.00 84.0 5.80 14.5 0.08 5.5210°%
7.50 84.0 6.90 12.2 0.09 7.3810°3
12.5 150 15.8 6.33 0.21 3.32107?

mine the rates of non-template-directed nucleotide addition substrates act to inhibit the binding of the other. Furthermore,
(see below). the two graphs are characteristic of two substrates in a
To examine the mechanism of template switching, we randomly ordered sequential bireactant systdr8).(The
conducted a series of kinetic experiments varying the x-value of the vertex for each plot is1/K, for that particular
concentration of the P:C substrate at various constant Tsubstrate. For example, as [F} 0 in Figure 4A, the
substrate concentrations while keeping the dNTP concentra-theoretical reciprocal plot would become vertical and the
tion at saturating levels. The results (Table 2A) show that K& would reflect the trueKp for [P:C]. In this caseKp =
as the T substrate concentration increaseshg of the 3.69 uM for the P:C substrate. The-value of the vertex
reaction increases as well. This is to be expected since thewas 1Vm.{1 — o), wherea = 3.69, which yielded &/nax
reaction is dependent on the T substrate. Interestingly, the= 20.7 nM mirr’. Similar analysis was performed on the
K& for P:C binding also increases with increasing T replotted data in Figure 4BKp = 45.5 uM for the T
concentrations, suggesting that T is acting as a mixed-typesubstrate and th€.x = 14.9 nM min?! (a. = 3.30).
inhibitor for binding of the P:C substrate to the enzyme. If  The results indicate that exoKF binds two DNA
the data are replotted, varying the concentration of T for substrates simultaneously and that each substrate has an effect
various constant P:C concentrations, the results obtained aren the binding of the other. Physical evidence for binding
similar (Table 2B). Increasing the P:C concentration increasestwo discontinuous substrates can be found in the crystal
the Vmax Of the reaction as well as thKX® for the T structure of KF showing the binding of two discontinuous
substrate. The reciprocal plots of the kinetic values for 1/[P: primer strands, apparently one at or near th& 8xonuclease
C] at various constant T concentrations (Figure 4A) and for active site {4). In our results, binding of the primer/
1/[T] at various constant P:C concentrations (Figure 4B) complement duplex substrate is preferred over the single-
graphically demonstrate that the lines for both plots intersect stranded T substrate by nearly 14-fold. Since, exd~
below the 1/[substrate] axes and are indicative that both usually binds single-stranded DNA with higher affinity than
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substrates in the template-switching assay. In essence, the
substrate mimics what is believed to be a reaction intermedi-
ate in template switching after template synapsis but before
the DNA polymerase extends the primer.

The primer-extension experiments were carried out under
identical conditions as that of the template-switching assays,
except that a 10-fold lower concentration of enzyme was
used (7.35 fM) and time points were taken sooner. A typical
gel is depicted in Figure 2B. The concentration range of the
primer/template duplex was similar to that of template
switching assay. Full-length primer extension resulted in a
46-nucleotide-long product similar to that seen in the
template-switching assay. Although a number of partial
products were observed (as was also the case in the template-
switching experiments), only full-length products were used
in the analysis. It should be noted that we occasionally
observed reduced product formation at the highest substrate
concentration (25uM). Whether this is due to product
inhibition or nonspecific substrate binding is not clear.

The concentration of primer extension product formed was
calculated and reciprocal plot analysis performed (Figure
2B,C) to determine kinetic values. As Table 1 shows, the
catalytic turnover of the DNA polymerase was 28.7 niin
Recalculated on a per nucleotide basis, thgy for the
reaction was 6..«M min~%, which results in a catalytic
turnover value of 13.873. This value is in close agreement
to previously published reports for the turnoverkf coli
DNA polymerase | §).

Comparing the kinetic values obtained from the template-
switching experiments to those of the primer extension
experiment shows that the turnover number for primer
extension is about 100-fold higher than for template switch-
ing. Furthermore, based on the apparent dissociation con-
stants K™), exo™ KF has a 3.5-fold higher affinity for the

for varying concentrations of one substrate under various constantprimer/template duplex in the primer-extension assay than
concentrations of the other substrate. (A) The rates of reaction werein the template-switching assay. This, in all likelihood,

plotted as a function of P:C concentration (0-8@.5uM) for five
different fixed T concentrations (ranging from 13.1 to 144).
(B) The rates of reaction were replotted as a function of T
concentration for seven different fixed P:C concentrations. Arrowed

line indicates the direction of the increasing constant substrate

concentration. Data points were omitted.

double-stranded DNAG@], our results strongly suggest that
in this case DNA polymerase recognizes the DNA terminus.
The 3 overhang is certainly critical for efficient template-
switching activity (L1, 12); the maximal rates of template-
switching activity is seen with three- and four-nucleotide-

long overhangs (compared to blunt, 1-, and 2-nucleotide-

long overhangs). However, no significant difference<fi®

reflects a structural preference of the exd= for the primer
with a continuous template duplex than for the primer/
complement duplex with a' ®verhang.

Non-Template-Directed Nucleotide AdditioAs men-
tioned previously, the template-switching experiments formed
a small number of products that were longer than the fully
extended products (Figure 2A). These results are consistent
with previous results suggesting that non-template-directed
nucleotide addition occurred at the end of fully extended
products 11). The bands were relatively diffuse, suggesting
the addition of more than one kind of nucleotide to the ends.
Thus, the exact number of nucleotides added is difficult to
determine precisely; however, analysis indicated that a range

between a blunt end substrate versus a three-nucleotide-lon@f between 1 and 4 nucleotides were added, with 2 and 3
3 overhang substrate was seen (Faucett and Islas, manuscriptucleotide additions (products of between 48 and 49 nucle-
in preparation). Thus, the different rates seen in blunt versusotides in length) predominating. At later time points (60 min),
overhang substrates is likely due to the time needed to createanother group of bands could be observeB2ucleotides

an overhang through non-template-directed nucleotide ad-

dition (see below).
Primer Extension.To compare the template-switching
activity of exo” KF to its polymerization activity, we used

longer still, migrating at approximately position 51 to 52
(data not shown), suggesting that nucleotides may be added
in a nondistributive manner. It should be emphasized that
the non-template-directed nucleotide addition seen occurred

an identical assay to the template-switching assay except thagfter template synapsis and primer extension in the template-
the substrate used had the primer annealed to one longswitching experiments. Furthermore, little to no non-template-
continuous template strand (Figure 1C). The sequence of bothdirected nucleotide addition was observed in the primer-
the primer and template strands were identical to the extension experiments. These and other observations suggest
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A Table 3: Kinetic Values for Template Switching and
<4— Non-Template-Directed Nucleotide Addition
Vinax
KEP(uM)  (NM min~?) Keat
+ SEM +SEM  (min"}) n
template switching+ 10.9+0.96 4.68+1.56 0.06 12
5 non-template addition
T3 (observed)
template switching 10.7+£1.83 7.27+£1.12 0.10 11
2 only (observed)

+
= - - ® ) non-template addition 13.0 0.18
— 1 only (calculated)
sy
= ' and 10.9 uM. Furthermore, theVnyax for the template

switching plus primer extension products was slightly lower
than that for template switching alone. Since the 48/49-
nucleotide-long product is the result of both template
AllE e e switching and non-template-directed nucleotide addition, we
reasoned that the turnover number is a reflection of both
B activities. Therefore, subtracting the time needed for template
switching from the time needed for template-switching plus
primer extension yielded &. = 0.18 mirr! for non-
_— — 3 template-directed nucleotide addition. Extrapolating from the
turnover number yielded ¥max = 13 NM mim L. The Viax
per nucleotide was approximately 32.5 nM miimssuming

-
- an average event added 2.5 nucleotides.
—1 Template switching in these experiments yielddd.g=
0.10 minm—less that seen in Table—due in part to the
18 fact that only a subpopulation of the products were used in
this calculation. If all the template-switching products were
‘

included, then the catalytic turnover was 0.2 miincom-
Y . parable to the turnover for non-template-directed nucleotide
addition and only somewhat lower than that seen in Table
1.
1 i) 3 To confirm the non-template-directed nucleotide addition
Ficure 5: Non-template-directed nucleotide addition. (A) The values seen in t_he template'SWi,tChing e?‘F’e”me”,tsg we tested
extension products formed from non-template-directed nucleotide NON-template-directed nucleotide addition activity on a
addition using the blunt end substrate depicted in Figure 1D at 0.3 double-stranded blunt substrate (Figure 1D) under saturating
mM of the various nucleoside triphosphates (A, dATP; C, dCTP; substrate and dNTP concentrations (Figure 5). No template
G, dGTP; T, TTP; N, all four nucleoside triphosphates;'"in gwitching or primer extension was needed for non-template-
the absence of any nucleoside triphosphates). The substrate is 18. . » . .
nucleotides long and the number of nucleotides added is denotedd'recte‘jT,""Cleo'[Ide addition to_ OCCUI.‘ in thes_e_eXpe”me_mS'
on the right. Note that the-n products migrate at different rates  The addition of all four nucleotides either individually or in
due to slight molecular mass and charge differences among thea mixture resulted in non-template-directed nucleotide ad-
Cvl;[ﬁllt?ﬁgig; '\llgtt: rg:)s(% Hm_g\(:escgprzivsvtengy Nogrﬁetrevr:dl gireogil#gtcted dition of at least one nucleotide (Figure 5A). Interestingly,
nucleotide agdition in the prese(nce 012 a(ll %our nucle%side triphos- dATP and dCTP could add an additional nucleotide? (
phates is shown at 0, 15, and 30 min (Lanes31respectively). ~ Product); no+2 products were seen for dGTP or TTP.
The 18-nucleotide-long substrated( and the three major products ~ Moreover, if all four nucleotides were present, the rate of
(+1, +2, and+3) are denoted. +2 formation increased and-a3 band appeared. Intrigu-
ingly, a small but reproducible band appeared at position
that the single-stranded template in the template-switching +-7 and may reflect a small subpopulation of enzymes that
experiments may exert some influence on the length or rateadd several nucleotides in a processive manner.
of non-template-directed nucleotide addition (Faucett and Consistent with previous results, exdF prefers dATP-
Islas, manuscript in preparation). 2930 nM product formed after 30 mitio dCTP (412 nM),

We were interested in determining the rate of non- dGTP (327 nM), and TTP (343 nM). Product formation in
template-directed nucleotide addition in the template-switch- the presence of all four nucleotides (1703 nM) for the same
ing experiments to compare the magnitudes of the two period of time was 58% of that for dATP.
activities. We therefore quantified the bands that showed only  We performed a more detailed kinetic analysis on the non-
template switching and the bands that showed templatetemplate-directed nucleotide addition activity, examining the
switching plus non-template-directed nucleotide addition and kinetic parameters of each nucleoside triphosphate precursor
determined their respective kinetic values (Table 3). There (Table 4). In the presence of all four nucleotides, the
was no difference between the two for binding affinity to determined kinetic value¥max= 12.1 nM mirr! andkey =
the enzyme; both products showedd” of between 10.7  0.16 mim?%, were in complete agreement with the values




16522 Biochemistry, Vol. 43, No. 51, 2004 Garca et al

Table 4: Kinetic Values for Non-Template-Directed Nucleotide approximately 2 orders of magnitude slower than normal

Addition with Various dNTP Precursors template-directed DNA synthesis. In other words, in the
KaPP \/2PP absence of proofreading activity and under saturating con-
(ﬂRA) (nM min-Y) Keat Keaf KEPP centration of free-ends, DNA polymerase | will add nucle-
+ SEM +SEM  (minY)  @M™tminY) n otides at DNA ends and switch templates at the same rate it
dATP 372+ 127 158+136 021 0.058 4 synthesizes approximately 3 kb of DNA. Although the
dGTP 12.3-3.96 3.01+0.41 0.04 0.003 4 relative magnitudes of these activities are smtie turnover
dCTP  15.6+1.34 1114012  0.02 0.001 5 for non-template-directed nucleotide addition was determined
TTP 19.2+2.70 2.46+0.35  0.03 0.002 4 inl it hi
dNTPs 716051 121t087 016 0.023 4 to be 0.18 min! and the turnover for template switching

was determined to be 0.26 mi-they are comparable to

) , ) o the magnitude of the'®'-exonuclease activity reported for
obtained for non-template-directed nucleotide addition inthe £ -oli DNA polymerase | ). Furthermore, these data

template—swit.chir]g experiments (Table 3). Confirming the suggest that when exonuclease-free DNA polymerases
results seen in Figure 5A, dATP showed the strongest rateSgncounter discontinuities in their template strands they can
of reaction, with &Vmax = 15.8 nM min, slightly higher gy thesize short stretches—Z nucleotides) of DNA in a
than that seen with all four nucleotides. Thg for dATP non-template-directed manner, and use these overhangs to
(3.72uM) was the strongest of aIIfour.nucIeondes and nearly gnneal an unlinked template and continue DNA synthesis.
half of that seen with all four nucleotides. Therefore, dATP The kinetic analysis presented for non-templated-directed

has a 3.35.2-fold better binding affinity and a 5:214-  ,jeotide addition suggests that nearly all of the nucleotides
fold higher turnover number over the other three nucleotides, added to the end of DNA are deoxyadenosine residues.
resulting in a 26-50 higher catalytic efficiency. Thr in Kinetic results varying both substrates suggest that exo

the presence of all four nucleotides is nearly double that of K pinds the two discontinuous substrates in a random
dATP, even though th&max is roughly comparable, sug-  sequential order and that each substrate partially inhibits the
gesting that the presence of the other nucleotides mayyinging of the other. These results clearly indicate that
competitively inhibit non-template-directed nucleotide ad- binding of two discontinuous DNA molecules is not only
o N
dition. Note that the determine®™ values for each  possible, but also relatively common. It should be pointed
nucleotide (with the exception of dGTP) in the presence of gyt that the catalytic turnover for template switching is a
the duplex substrate was approximately3fold stronger composite of template synapsis and primer extension.

than that previously reported for either Pol I or KF (&5 Therefore, it is possible that the lower catalytic turnover seen
for both purine nucleotides is approximately B0uM and  may also reflect a slower primer extension rate than that seen
the Kp, for pyrimidine nucleotides is approximately 460 for normal primer extension. More likely though, the lower

#M. Whether this 2-3-fold difference is the result of the  yymover is a reflection of relatively small number of enzyme/
way the values were experimentally determined is certainly p.c.substrate/T-substrate complexes at any given time (even
a possibility. However, the dGTP binding affinity determined a¢ saturating substrate concentrations) due in part to the
here was weaker than that for dATP and approaches themixed-type inhibition by each substrate.
binding affinities seen for pyrimidine nucleotides. The | the template-switching studies described here, a three-
implication is that exo KF discriminates between dATP and nucleotide-long overhang was used to mimic a non-template-
dGTP to a greater extent in the presence of blunt-endedjrected event. The overhang consisted of '@ABA-3’
substrates than under normal primer extension conditions,sequence_ The theoreticdl, for this sequence is ap-
and may also reflect a similar preference as that seen in theproximately 6°C (assuming 2C per A:T base pairywell
presence of abasic sites (the “A rule”). _ below the reaction temperatarsuggesting that if any
Taken together, these data suggest that most, if not all, of yyyrigization between the two substrates occurs, they quickly
the non-template-directed nucleotide addition is the result yenature. Moreover, with these sequences, an overhang
of dAMP incorporation to the primer strand. This would \yould have to be between 12 and 14 nucleotides to be
predi_ct that_for blunt-end substrates, one or more deoxyad'thermally stable T ~ 37 °C); at that point primer extension
enosine residues are added, and synapsis to a template strang spontaneously hybridized substrates would be a competing
containing thymidine residues at its end would be more reaction. Our results for non-template-directed nucleotide
efficient than any other sequence. Recent experiments in ouryqgition suggest that the longest overhang created was seven
lab suggest that this is indeed the case (Faucett and |5|asnucleotides'(m ~ 16°C) but with most of the nontemplated
manuscript in preparation). events occurring between 1 and 3 nucleotides in length,
DISCUSSION which are too short for _the hybridization.products to be
thermally stable. Interestingly, a-3l-nucleotide-long over-
This study was designed to determine the magnitude for hang appears to be optimal for template switching forexo
the rates of non-template-directed nucleotide addition and KF and human DNA polymerase(11, 12), again suggesting
template switching by exoKF, to understand how these that the non-template-directed nucleotide addition is an
activities affect DNA replication and mutagenesis. Further- important activity for template switching.
more, the study was designed to examine the mechanism Exo~ KF was used in these studies because it shows
and binding kinetics of two discontinuous DNA templates among the strongest template-switching activity of any DNA

to DNA polymerase. polymerase examined thus far, and as such it serves as a
We quantitatively show that the rates of template switching model for other proofreading-deficient enzymes, most no-
and non-template-directed nucleotide addition by eKé& tably DNA polymerasex and other eukaryotic polymerases.

to be comparable in magnitude to one another and to beNote that exonuclease-proficient enzymes also have small
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350 or other structural features in the DNA (e.g., damage),
contributes to template switching is still not clear.
300 ° Template switching, defined here as DNA synthesis

resulting from the juxtaposition of two physically discontinu-
ous template strands, may be a more general phenomenon
than the mutagenic events seen at quasi-palindromes. For
example, this may well explain the phenomenon of oligo-
nucleotide capture2@) (Faucett and Islas, manuscript in
preparation). Moreover, strong evidence exists that the
reinitiation of stalled replication forks as a result of DNA
damage on one of the strands may result in the regression
of the fork and the creation of a so-called “chicken-foot”
intermediate. The blocked DNA polymerase on the damaged
0 ———— = template uses the nascent sister chromatid as a template to
0 10 20 N 40 50 60 synthesize DNA past the replication block, in essence
Time (min) switching templates239). This event irE. coli clearly appears

Ficure 6: The concentration of products formed as a function of ; ;
time by the template-switching activities of three forms of DNA to be recA dependent. Factors involved in homologous

polymerase I. Reactions were performed under saturating substrat§€Combination may play an important role in primer-template
concentrations. ExoKF, (open circles); KF (open triangles); DNA ~ synapsis. However, it is possible that on rare occasions DNA
polymerase | (open squares). polymerase alone may perform this same sort of template-
switching activity. Indeed, the recombination-dependent
o o . structures recently proposed for the reinitiation of stalled
but significant template-switching activity. In our hands,_K_F replication forks as well as those proposed by Higgins et al.
an_d DNA polymerase | also show template-switching activity nearly 30 years ag2f), show some of the same general
(Figure 6)-at levels about 1815-fold lower than that seen  featyres to the model that Kornberg and colleagues proposed
for exo- KF—suggesting that although the absence of { gescribe the template-switching activity B coli DNA
proofreading activity Is important, it 1S not sufficient to polymerase 7). An important difference is that in the latter
prevent template switching (see below). case DNA polymerase switches templates to the displaced
Is there any in vivo evidence to support this model? The complementary parental strand, presumably near a break in
strongest in vivo evidence for the role of non-template- that strand. Whether recombination factors act to inhibit DNA
directed DNA synthesis comes from analyses of plasmid polymerase-mediated template switching and promote re-
recircularization in mammalian cells. Roth et al. observed combinational repair is still not clear. Whether DNA poly-
that nearly 10% (18 out of 200) of junctions in nonlymphoid merase is present during synaptonemal formation in recom-
cells showed non-template-directed insertions consistent withbinational repair also remains unclear.
the idea that DNA polymerase adds nucleotides to the ends With as many as five prokaryotic DNA polymerases and
of the plasmid in a non-template-directed manngg).( 16 eukaryotic DNA polymerases, it is tempting to speculate
Furthermore, in TdT—/— mouse cells, 3% of junctions  that many of the so-called translesion bypass polymerases
resulting from V(D)J recombination showed non-template- may also carry out non-template-directed nucleotide addition
directed nucleotide insertions (N-nucleotides) of between 1 and template switching as a possible mechanism for non-
and 3 nucleotides in lengtli§). Since TdT is absent, the  homologous end joining. In fact, DNA polymerakea DNA
non-template-directed nucleotide addition is most likely due polymerasgs homologue and member of the X family of
to other endogenous DNA polymerases. This frequency is DNA polymerases, has been implicated in gap filling of
consistent with the magnitude we see for non-template- mismatched DNA during end joining2%). Furthermore,
directed nucleotide addition in this study and suggests thatDNA polymerase3 has been shown to carry out template
both eukaryotic and prokaryotic DNA polymerasesostly  switching in vitro at relatively high enzyme concentrations
likely those missing proofreading activiticarry out non-  (Islas, unpublished observations). Exd&F carries out
template-directed nucleotide addition at DNA ends. template switching in vitro although wild-type KF does so
The in vivo significance of template switching is more to a much lesser degree (Figure 6), suggesting that'the 3
difficult to establish, although evidence for the type of 5'-exonuclease activity may remove thed®erhangs and
template switching proposed by Kornberg and his colleaguesthus severely reduce template-switching activity. Since in
has been reported . coli (17). A number of spontaneous some of these translesion DNA polymerases (e.g., DNA
multiple base substitutions occur at pseudo-inverted repeatspolymerasey, ¢, 4, 4 in eukaryotes and DNA polymerase
(i.e., quasi-palindromes), suggesting that replicative DNA IV and V in E. col) no 3-5 exonuclease activity has yet
polymerases can perform template switching in two ways: been identifiedZ6), it is possible that non-template-directed
through interstrand switching from the template to the nucleotide addition by these polymerases may facilitate
displaced parental strand or through intrastrand templatenonhomologous end joining through the type of template-
switching from the template to the primer strand, involving switching mechanism we propose here.
a hairpin intermediatel8—21). Despite the relatively low Because of the potentially mutagenic effects of template
spontaneous mutation frequency seen, these results clearlgwitching and non-template-directed nucleotide addition,
indicate that DNA polymerase can release one templatethese activities may be regulated or inhibited in vivo. For
strand and bind another during replication. How interaction example, non-template-directed nucleotide addition by ter-
between DNA polymerase and the pseudo-inverted repeatsminal deoxynucleotidyl transferase (TdT) is regulated by the
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nonhomologous end-joining factor K27). Furthermore, 12
TdT occurs in two isoforms: a short isoform and a long
splice variant. The latter contains a3 exonuclease domain

which results in a coordinated balance between non-template- 13
directed nucleotide addition and nucleolytic removal at
coding joints of antigen receptor genes during V(D)J
recombination 28). These data suggest that non-template-
directed nucleotide addition must be regulated to avoid g
potentially mutagenic events at strand breaks. It is still an
open question how non-template-directed nucleotide addition
and template switching demonstrated by eXF or by
human DNA polymerase are regulated in vivo. The data
presented here strongly suggest that the magnitude of these
activities may be sufficiently robust over the lifespan of a
cell to incur a significant mutagenic load.
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